Introduction
Human obesity (particularly abdominal) is a signi®-cant risk factor for several chronic diseases including cardiovascular disease (CVD), 1,2 hypertension, 3 stroke 2 and noninsulin-dependent diabetes mellitus, (NIDDM), 4, 5 and understanding the underlying etiology of obesity can be useful in reducing morbidity and mortality. Although there is considerable controversy as to the relative in¯uences of the genetic and environmental contributions on the expression of human obesity, it is known that both factors are essential in determining this complex trait (For review, see Bouchard and Pe Ârusse 6 ). For example, in¯uences due to major genes have been reported for several adiposity measures, including the body mass index (BMI), 7 ± 11 fat mass (FM), 12 ,13 a relative fat pattern index, 14 the abdominal visceral fat area 15, 16 and the ratio of trunk to extremity skinfolds adjusted for total fat. 17 Multifactorial effects (that is, polygenic andaor familial environmental etiologies) are also reported for adiposity measures (For a review, see Bouchard and Pe Ârusse 6 ). For fat distribution (speci®cally trunk-toextremity skinfold ratio (TER), which is the primary focus of the current study, multifactorial factors account for over 50% of the phenotypic variance 18 with half or less of that attributed to genetic heritability (that is polygenic factors). In addition to unmeasured or inferred genetic and common environmental causes, speci®c environmental factors affecting adiposity have been studied. For example, positive energy balance is a determinant of total and subcutaneous truncal fat in overfeeding experiments. 19 Energy balance measures also tend to aggregate within families. 20, 21 However, despite these associations, little is known about whether the heritable factors underlying each are related. 19, 22 An additional source of in¯uence on fat distribution is the overall level of fatness. For example, multifactorial studies suggest that the familiality of fat distribution is increased after adjusting for total FM (For review, see Bouchard and Pe Ârusse, 6 Bouchard et al 18 ). This implies that for a given level of fatness, some individuals preferentially store fat on the trunk or abdominal area while others store primarily on the lower body. In one study which speci®cally investigated the cross-trait familial resemblance between TER and FM, 23 the multifactorial components for each trait were unrelated (that is, the cross-trait familiality or bivariate heritability was zero), although each did share common familial variance with the BMI. Together, these studies suggest that different genetic andaor common environmental factors underlie each of the fat distribution and total fat measures. Two studies 8, 17 examined a major locus hypothesis for fat distribution as measured by the TER. While a major gene was not found in the large community based Tecumseh sample, 8 in a sample of FrenchCanadians, 17 preadjusting the TER for total FM (measured with underwater weighing) revealed a putative recessive locus.
The aim of this study is to evaluate whether there is evidence for a major gene of regional fat distribution, as measured by the TER in a sample of families from Andhra Pradesh, India, and whether the effects of covariates such as energy variables (intake and expenditure) or total subcutaneous fat (SF6 sum of six skinfolds) impact on the major gene inference. A complex model such as this, is investigated here by using a relatively simple methodology. That is, the effects of energy variables (TER-E) and total subcutaneous fat (TER-SF6) are ®rst removed from the TER, using multiple regression. A simple segregation model is then used to analyze the TER both prior to and after adjustment for these covariates. If the covariates have an effect on the TER, then the segregation patterns will vary prior to vs after the adjustments.
Materials and methods

Sample
The data consist of measurements made on 1691 individuals in 432 pedigrees residing in the Chittor district of Andhra Pradesh, India, during the period from January 1989 to February 1990. Details concerning the identi®cation and enrollment of families into this study have been previously described. 24 Approximately 45% of the pedigrees were consanguineous (inbred). Complete analyses were carried out separately for noninbred vs total samples. Since the results obtained from the noninbred and total samples did not differ systematically, only the results for all families combined are presented.
Measures
The members of each family were individually interviewed to obtain information on a variety of measures. Subcutaneous truncal skinfold measures included subscapular, suprailiac and abdominal fat, and extremity skinfolds included triceps, biceps and medial calf. Skinfold thickness (mm) were measured according to the methods of Weiner and Lourie 25 using Lange skinfold calipers. All measurements were taken on the left side of the body by a single investigator (A.N.). With the exception of the subscapular skinfold, which was obtained in females with the subjects dressed in light clothing, all skinfold measurements were obtained from uncovered skin surfaces. The TER was simply computed as (subscapular suprailiac abdominal)a (biceps triceps medial calf), while SF6 was the sum of all six. The sample sizes, means, standard deviation (s.d.), minimum and maximum values for age and for the raw (unadjusted) TER, are given in Table 1 , separately for fathers, mothers, sons and daughters.
Information on energy expenditure (EE) was collected from each individual using the activities questionnaire method of Bouchard et al. 26 The amount of energy expended in various activities (in kcalamin) was estimated using conversions developed by Bouchard et al 26 and Satyanarayana et al. 27 The total daily EE was determined by summing across all activities for an average 24 h period, according to the standards of the Indian Council of Medical Research. 28 The average energy intake (EI) over the three days was recorded. Both EE and EI were also adjusted for weight (EEakg and EIakg), leading to a total of four measures of energy balance. For further details regarding measurement of the EE and EI, see Mitchell et al. 22 
Data adjustments
All adjustments were carried out separately by gender, and extreme outliers ( b 4 s.d. from the mean) were temporarily set aside, so that they would not unduly in¯uence the regressions. TER was adjusted for a cubic polynomial in age, using stepwise multiple regression (forwards with backwards elimination), Regional fat distribution MF Feitosa et al retaining terms signi®cant at the 5% level. The residual variance was also examined for age effects (heteroscedasticity) by regressing the squared residual from the mean age regression on another cubic polynomial in age in a stepwise manner and retaining signi®cant terms. TER-E was adjusted for the effects of a cubic polynomial in age and each of the energy measures (EE, EEakg, EI, EIakg) utilizing the same described above, and TER-SF6 was similarly constructed by adjusting for the effects of a cubic polynomial in age and SF6. For the latter two phenotypes, only a cubic polynomial in age was considered for the heteroscedastistic effect. The ®nal phenotypes for all individuals (including the outliers) were computed using the best regression models. Further details regarding the stepwise regression method are found elsewhere. 22 When considered alone, age (up to a cubic polynomial) is associated with TER, TER-E and TER-SF6 and in the ®nal regression models accounts for 52%, 69% and 22% in males and 40% 64% and 30% in females of the mean variance respectively. Heteroscedasticity accounts for 3%, 3% and 6% in males and 1%, 4% and 10% in females of the variance, respectively.
Segregation analysis
Segregation analysis is used to determine whether the major effect is transmitted in families according to Mendelian expectations. The segregation analysis was carried out using the uni®ed mixed model 29 as implemented in the computer program POINTER. 30, 31 The mixed model assumes an underlying liability scale to which a major gene locus, a multifactorial component and a random environmental component, each contribute independently. The major gene effect results from the segregation at a single locus having two alleles (A, a), where genotypes are distributed in Hardy-Weinberg proportions. There are seven parameters in the model: the overall variance (V); the overall mean (u); the major locus gene frequency (q); the displacement between the two homozygous means (t); the relative position of the mean of the heterozygote, or dominance (d); and two parameters representing the multifactorial heritabilities in children (H) and parents (HZ).
Transmission probabilities are estimated to test for deviations from Mendelian expectations. The three transmission probabilities are t 1 (the probability that an AA individual transmits allele A to the offspring), t 2 (the probability that an Aa individual transmits allele A to the offspring), and t 3 (the probability that an aa individual transmits allele A to the offspring). Under Mendelian transmission, t 1 1, t 2 1a2, t 3 0, and no transmission of the major effect (that is, an environmental model) is obtained when the three t's are equal. In order to infer a major locus, three conditions are usually required: (1) rejection of the no major effect hypothesis (that is, d t q 0 is rejected); (2) nonrejection of Mendelian transmission (that is, t 1 1, t 2 1a2, and t 3 =0 is not rejected); and (3) rejection of the no transmission model (that is, t 1 t 2 t 3 is rejected).
Given the consanguineous nature of half of this sample, segregation analyses were conducted by conditioning the likelihood on the parental phenotypes. Tests of hypotheses for nested model comparisons are carried out using the likelihood ratio test. The test criterion, given by the difference between minus twice the log-likelihoods ( 7 2 ln L) under the two models, is distributed asymptotically as a w 2 with the degrees of freedom being the difference in the number of parameters estimated in the two models. For nonnested model comparisons, Akaike's information criterion (AIC), which is 7 2 ln L plus twice the number of estimated parameters, 32 is used to assess the ®t. The model with the smallest AIC provides the most parsimonious ®t to the observed data.
Results
Segregation analyses were conducted for TER, TER-E and TER-SF6 and applied to both the untransformed data, and data transformed to eliminate skewness using the method of MacLean et al. 33 Table  2 gives the model ®tting results for both the untrans- Model not estimated for the skew transformed data. since the major effect was not signi®cant. 7 2 ln L minus twice the log-likelihoods. 
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.17, P 0.0l). Therefore, there is evidence of a recessive major locus in the presence of a multifactorial component. However, when the data were skew transformed data (one skewed distribution (1S) for parents and offspring: P 0.022; Table 2), the major effect is not signi®cant (model 3 vs model 2: w 2 3 1.12, P 0.77). Only the multifactorial component is signi®cant after skewness transformation.
We applied the same procedures to TER after adjusting for EI and expenditure variables (TER-E). The results for TER-E (Table 3) were similar to those for TER. There is a suggestion of a major recessive gene in the presence of a multifactorial component, and the premises of segregation analysis are satis®ed; the major effect is signi®cant (model 3 vs model 2: w 2 3 87.82, P `0.001); Mendelian ts are not rejected (model 8 vs model 2: w 2 3 3.62, P 0.31), and equal ts are rejected (model 9 vs model 8: w 2 2 11.47, P `0.001). On the other hand, when the data are skew-transformed (1S for parents and offspring: P 7 0.250; Table 3 ), the major component was not signi®cant (model 3 vs model 2: w 2 3 0.74, P 0.86). For TER-SF6 (Table 4 ) all model reduction hypotheses are rejected (all P-values are`0.001), including that of Mendelian ts (model 8 vs model 1: w 2 3 20.31, P`0.001 ) and equal ts (model 9 vs model 8: w 2 2 61.59, P`0.001). These results suggest that there are both major and multifactorial effects, but that the major effect is not Mendelian (that is, free ts is the best model). Generation differences in both the major and multifactorial components are signi®cant (see Table 4 ). After skewness transfor- Additional constraint is that Z 1, and therefore the test involves a comparison to model 2 rather than model 1. c Additional constraint is that d 1, and therefore the free ts model (test for Mendelian ts) is compared to model 7. 7 2 ln L minus twice the log-likelihoods. Model not estimated for the skew transformed data, since the major effect was not signi®cant. 7 2 ln L minus twice the log-likelihoods.
Regional fat distribution MF Feitosa et al mation (2 skewed distribution (2S) for fathers: P 7 0.767 and 1S for offspring: P 7 1.203), Mendelian ts are still rejected (w 2 3 8.70, P 0.03), but the equal ts model is not rejected (w 2 2 0.51, P 0.077). While the skewness adjustment eliminated the generation heterogeneity in the multifactorial component (w 2 1 0.01, P 0.92), there is still a generation difference in the percentage of variance accounted for by the major (non-Mendelian) effect. Table 5 gives the parameter estimates for the most parsimonious models, as well as the percentages of variance accounted for by the major and multifactorial components. Therefore, the results for TER suggested that a putative major recessive locus accounted for 34% of the variance, with an additional 25% due to multifactorial (that is, polygenic andaor common familial environment) effects. However, after the TER was adjusted for skewness, only the multifactorial component remained signi®cant and accounted for a greater percent of the variance (43%). The normality in the data was not attributed to EI and EE, as the TER-E results were similar to those for the TER. However, adjusting the TER for total subcutaneous fat did alter the results, suggesting that the non-normality may be due in part to overall level of fat. Speci®cally, for TER adjusted for SF6, the major effect was attenuated although not completely eliminated, and the multifactorial component was accentuated. For TER-SF6, it is interesting to note that generation heterogeneity was detected (that is, non-Mendelian ts in the major effect and Z 0.286 in the multifactorial effect), leading to a discrepancy in the percentages of variance accounted for between generations for each of the major and multifactorial component. The direction of these effects are that the major component appears to be more in¯uential in the parents while the multifactorial component dominates in the offspring. We further note that adjusting the TER-SF6 for skewness, eliminates the generation heterogeneity in the multifactorial component, but not in the major effect.
Discussion
It is known that complex metabolic pathways interacting with environmental factors underlie the patterns of obesity. In these Indian data, evidence consistent with a putative major locus for regional fat distribution was found, accounting for 34% of the variance in the age adjusted TER, with an allele frequency of 0.36, and with an additional 25% due to multifactorial causes. Since about 50% of the total variance in TER is due to age and gender effects, the genetic variance found here (expressed as a proportion of the total variance) is about 17% (0.5 * 0.34).
Interestingly, the major gene evidence for the TER disappeared after a skewness transformation. Whether the non-normality in the data was simply a function of skewness or was a re¯ection of distributional admixture, was tested in preliminary commingling analyses (not reported). It was found that either one skewed distribution or two normal distributions ®t the data equally well. If the non-normality had been due simply to skewness, then we would have expected that the Mendelian hypothesis would have been rejected. However, Mendelian transmission of the major effect was not rejected. While it is yet possible that the non-normality in this data was simply a function of skewness, the ®nding of Mendelian transmission (combined with the rejection of the equal ts model) favours the hypothesis of distributional admixture re¯ecting a major gene effect.
Factors that may have in¯uenced the major gene ®nding for the TER, were also explored in these data. For example, the major gene could be for some other trait that is correlated with the TER. One known set of covariates is EE and ET which have been shown to affect the polygenic component of generalized adiposity measures (for example BMI 23, 34 and fat mass 35 ). However, adjusting the TER for these energy variables, did not affect the familial patterns of fat distribution in the current data, since the results for TER and TER-E were very similar.
Another variable that is related to regional fat distribution is total fat. For example, Borecki et al 17 found that the major gene evidence for the TER was only resolved after adjusting for total body fat (measured with underwater weighing). This pattern is consistent with an oligogenic hypothesis, where an additional major genetic system, speci®c to fat distribution, is detected after that due to total fat (For Table 5 Parsimonious model parameter estimates (Z 1 unless otherwise noted) 17 results from the current study did not readily support an oligogenic hypothesis, but rather a pleiotropic one. We found that the major gene evidence for the TER was diminished after adjusting for total fat (sum of six skinfolds ± SF6), suggesting that the putative locus detected here, may in fact be one for total fat (for examples, see Refs 36, 37) with pleiotropic effects on fat distribution. In addition, we note that adjusting the TER for SF6 did not completely account for the major effect. Rather, the adjustment (1) reduced the ts from Mendelian to non-Mendelian; (2) reduced the percent of variance accounted for by the major effect; and (3) induced generation heterogeneity (that is the magnitude of the effect was different in parents and offspring). This pattern is consistent with a more complex major gene model that incorporates genotype-speci®c effects of age andaor gender. If there is such a major locus (that is, where the gene may turn on or off as a function of age andaor gender), then the oligogenic hypothesis reviewed above 17 also cannot be ruled out in these data.
Some Canadian studies by Bouchard and colleagues 6, 18 suggest that regional fat distribution is under moderate polygenic control. The familiality estimate (both polygenic and common environmental) for the TER ranged from 55 ± 60%, of which half or less was attributed to polygenes. Adjusting the TER for total body fat (which assesses the preferential deposition of fat in upper or lower body areas for a given level of fatness) usually resulted in an increased familiality (ranging from 63 ± 67%). The increase in the familiality appeared to be a function of slightly increased effects due to the familial environment rather than polygenic factors. In comparison, the multifactorial component in the current study accounted for 25% of the variance, which is comparable to the familiality estimates derived using path analysis of these same data (21% in males and 26% in females) from an earlier study. 22 Consistent with the Canadian studies, fat adjustment led to an increase in the percentage of variance accounted for by the multifactorial component (from 25% up to 42%). Moreover, the increased percentage of variance accounted for, after removal of the effects due to total subcutaneous fat, does not support a pleiotropic hypothesis in the multifactorial component. This is consistent with the cross-trait study in French-Canadians reviewed earlier which found no evidence for any bivariate familiality between the TER and FM. 23 
Conclusion
In summary, this study demonstrates how a fairly complex model of familial resemblance can be inferred, using relatively simple methods, on measures that are preadjusted for the effects of covariates using regression analysis. Here, a major locus hypothesis with additional multifactorial effects was inferred for a measure of regional fat distribution in this sample of families from India. Little or no support was found for the notion that EE andaor EI impacted on the genetic model for fat distribution. However, a complex familial interaction with overall level of fatness was suggested. Speci®cally, this pattern of results suggests that there may be a major gene with primary effects on total fat, but which also affects fat distribution (pleiotropy). Furthermore, removal of this effect leads to the detection of another major system that is speci®c to the preferential accumulation of fat in the trunk vs extremity depots. If this second major effect is due to a major locus (that is, oligogenic), it is likely to be modi®ed by (interact with) age and gender effects.
